The crystal distortion due to the cooperative Jahn-Teller (JT) effect plays a crucial role in leading to charge ordering (CO) or orbital ordering (OO) in magnetic oxides. 1 Wellknown examples are colossal magnetoresistance perovskite manganites, where the doubly degenerate e g orbitals of Mn 3d states give rise to CO and/or OO. Similarly, the partially occupied triply degenerate t 2g orbitals induce the OO instability in spinel vanadates of ZnV 2 O 4 2-4 and MnV 2 O 4 , 5, 6 which have trivalent V 3+ (3d 2 ) ions in the octahedral (O h ) sites. In the spinels that contain divalent Fe 2+ (3d 6 ) ions at the tetrahedral (T d ) sites, Fe 2+ ions tend to induce the JT distortion and the cubic-to-tetragonal phase transition. 7, 8 FeCr 2 O 4 , FeV 2 O 4 , and FeAl 2 O 4 are considered to belong to this category. 9 In spite of the interesting physics related to the OO in spinel oxides, not much work has been reported yet as to the effect of competition and/or cooperation between the orbital degrees of freedom at different sites. In this aspect, FeV 2 O 4 is a good candidate because it has two different magnetic ions at different sites and both of them have the orbital degrees of freedom. Katsufuji et al. 10 reported the temperature (T ) dependence of high-resolution x-ray diffraction (XRD) and magnetization in FeV 2 O 4 . They observed the successive structural phase transitions, accompanied by the change in the magnetic easy axis and the large magnetostriction. FeV 2 O 4 undergoes the structural transitions, from cubic to tetragonal, orthorhombic, and tetragonal at ∼140, ∼110, and ∼70 K, respectively. Ferrimagnetic ordering occurs simultaneously with the structural transition at T ∼ 110 K. They proposed that the competition of Fe 2+ and V 3+ orbitals is the origin of the successive structural transitions. Nishihara et al. 11 reported the detailed investigation of the magnetic properties of FeV 2 O 4 . They observed the spin-glass-like transition at ∼86 K, in addition to the ferrimagnetic transition at T c ∼ 110 K. They suggested that the spin structure of FeV 2 O 4 at low temperature would have a spiral long-range ordering, similarly as in CoCr 2 O 4 .
12 Furthermore, polycrystalline FeV 2 O 4 exhibits the magnetic-field-dependent capacitance or polarization behavior, which has attracted attention in relation to multiferroicity. 8, 13 The unresolved issues in spinel vanadates, such as ZnV 2 O 4 , are the nature of the OO state and the size of the orbital moment of V ions. [14] [15] [16] [17] One group claimed that the OO arises from the real orbital states and that the orbital moment is small, 14 while the others claimed that the OO arises from the complex orbital states and the orbital moment is as large as ∼1.0 μ B . 15, 16 We address the same questions for FeV 2 O 4 . In order to clarify the origin of the magnetic and structural properties of FeV 2 O 4 , it is essential to understand the electronic and spin structure of FeV 2 O 4 first. In this aspect, soft x-ray absorption spectroscopy (XAS) 18, 19 and soft x-ray magnetic circular dichroism (XMCD) 20, 21 are powerful experimental tools for studying the valence and spin states of transition-metal ions in solids and the element-specific local magnetic moments of spin and orbital components, respectively.
In this work, we have investigated the electronic and spin structure of FeV 2 O 4 by employing XAS, XMCD, and nuclear magnetic resonance (NMR). We have found that the effect of the V 3d spin-orbit (SO) interaction on V 2p XMCD is negligible, and that the OO of V ions occurs from the real orbital states of d xz and d yz . V spins are found to be canted from Fe spins, resulting in a Yafet-Kittel-type triangular spin configuration.
Polycrystalline FeV 2 O 4 samples were synthesized by using solid-state reaction methods. 11, 22 XRD showed that the samples have the single-phase spinel structure. XAS and XMCD measurements were performed by employing the total electron yield mode at the 2A beamline of Pohang Light Source and also at the BL-14 beamline of the Hiroshima Synchrotron Radiation Center. To remove the surface contamination, samples were cleaned in situ by repeated scrapings with a diamond file under a pressure better than 3 × 10 −10 Torr. XAS/XMCD data were obtained at T = 80, 150, and 300 K. The photon energy resolution was set at ∼100 meV at hν ≈ 600 eV. XMCD spectra were obtained under an external magnetic field of 0.6 T and 1.3 T by using the circularly polarized light with the degree of circular polarization >95%. The line shapes were essentially the same. In this paper, we show the data obtained at T = 80 K. All the XAS/XMCD spectra were normalized to the incident photon flux. NMR spectra were obtained by using the conventional spin echo method in a T range of 4-20 K with a custom-made spectrometer. To estimate the spin canting angle, the resonance frequency was measured for various magnetic fields up to 7 T.
51 V NMR signals were searched for between 200 MHz and 350 MHz. Fig. 1(a) 8, 10 This point is discussed further in Fig. 2 . Figure 2 shows the measured XMCD spectra of Fe and V 2p states in FeV 2 O 4 , obtained at ≈80 K. We do not show the XMCD data of T 150 K, because XMCD signals become very weak as T is increased from 80 K to 150 K. This feature is consistent with T c ∼ 110 K. In contrast to a simple single-peak structure in Fe metal, 21 The complicated V 2p dichroism signals in Fig. 2(b) originate from the final-state multiplet structures of trivalent V 3+ ions, as will be shown in Fig. 3(d) . Further, it appears complex because the L 3 and L 2 peaks are not well separated due to the small SO splitting in V 2p states. Figure 2 reveals that the sign of the major part of the V 2p XMCD (>0) is opposite to that of the Fe 2p XMCD (<0). Since the different signs in XMCD imply the opposite directions of the corresponding magnetic moments, this finding indicates that the magnetic moments of Fe 2+ and V 3+ ions are antiparallel to each other, which is shown more clearly in Fig. 5(a) . This finding is consistent with the antiferromagnetic (AFM) coupling between A (T d ) and B (O h ) sites in spinel compounds. Figure 3 provides calculated XAS and XMCD spectra of Fe and V ions in FeV 2 O 4 , by employing both the all-electron FLAPW band method 29 and the crystal field multiplet scheme. 30 Since XAS and XMCD experiments were performed at T 80 K, the measured data correspond to those of the orthorhombic or low-T tetragonal structure of FeV 2 O 4 . 31 Indeed, among the band results for different structures, those for low-T tetragonal provide the best agreement with experiment, even though the multiplet peaks in the experimental spectra are not described well. On the other hand, the multiplet calculations for Fe 2+ and V 3+ agree well with experiment. 32 In the crystal field multiplet calculations for V 3+ , we have varied both the crystal field parameter 10Dq, and the Jahn-Teller splitting parameter JT in the D 4h symmetry, and found that those with 10Dq = 2.0 eV and JT ≈ 0 eV match well with the experimental spectra. This 10Dq value is similar to 10Dq = 2.18 eV for low-T tetragonal, obtained in the band calculation. 33 For given 10Dq and JT , we have also varied the SO coupling parameter of the 3d states, λ. Interestingly, the spectra with 0λ match best with experiment. This finding suggests that the 3d SO coupling plays a minor role in the OO in low-T tetragonal FeV 2 O 4 and that the OO of V t 2g states occurs from the real orbital states (d xz /d yz ), 14 but not from the complex orbital states (d xz ± id yz ). 16 Then the orbital moment of a V 3+ ion would be mostly quenched.
In Fig. 4 is plotted the NMR frequency change with the external magnetic field. The inset shows the 51 V NMR spectrum obtained in the zero field at T = 4 K. The spectrum shows a well-defined single peak centered around 288 MHz. Since NMR measures the magnetic field that nuclei experience, the NMR resonance frequency for magnetic materials at zero external field is proportional to the magnetic moment of the ion and the hyperfine constant. Note that the 51 V NMR resonance frequencies of V 2 states, which agrees with the findings in XAS and XMCD ( Figs. 1 and 2) .
In the presence of the external magnetic field, the NMR resonance frequency, f (H ext ), is determined by the total field that is the vector sum of the hyperfine field, H hf , and the external field, Fig. 5(b) . The essence of our finding is that V spins tend to be canted to have a Yafet-Kittel-type 40 Fig. 3(d) • . In order to solve this discrepancy, neutron scattering experiments would be useful.
In conclusion, we have found that the valence states of Fe and V ions in FeV 2 O 4 are mainly divalent and trivalent, respectively. Small Fe 3+ components are observed, which arise mainly from the nonmagnetic oxidized phase at the surface. XMCD shows that V and Fe spins are opposite to each other. V 2p XMCD indicates that the orbital magnetic moment for a V ion is mostly quenched due to the negligibly small spin-orbit interaction in V 3d states, and that the orbital ordering of V t 2g states occurs from the d xz and d yz real orbital states. 51 V NMR shows that V ions are trivalent and that the canting angle θ of the V 3+ hyperfine field is θ = 33
